A gonad is formed from germ cells and somatic mesodermal cells through their interactions. Its development is coupled with the determination and differentiation of the sex and sex-associated traits. We carried out a large-scale screening of Medaka mutants in which gonadal development is affected. Screening was performed on larvae at 8 days posthatching for abnormal abundance and/or distribution of germ cells detected by the in situ hybridization for olvas (Medaka vasa). We describe here 16 mutants of 13 genes, which are classified into four groups. Group 1, consisting of four mutants of three genes kon, tot) characterised by an increase in germ cell number. An adult tot homozygote fish has the characteristic feature of possessing hypertrophic gonads filled with immature oocytes. Group 2, represented by a single gene (zen) mutant characterized by a gradual loss of germ cells. Group 3, consisting of four mutants of distinct genes (eko, eki, sht, ano) showing irregular clustering of germ cells. Group 4, consisting of seven mutants of five genes (arr, hyo, mzr, hdr, fbk) showing fragmented clusters of germ cells. In some mutants belonging to Groups 1, 3 and 4, the expression level of ftz-f1 (sf-1/Ad4BP) in gonadal somatic cells significantly decreased, suggesting that interaction between somatic and germ cells is affected. q
Introduction
Gonadal development proceeds through the interaction between somatic mesodermal cells and colonizing germ cells. This development is coupled with sex differentiation. In the majority of vertebrates the sex is genetically determined, but sexual differentiation initiates only during the period of gonadal development. Although recent studies identified several genes essential for early gonadal development, the exact roles of these genes remain to be elucidated (reviewed by Swain and Lovell-Badge, 1999; Koopman, 2001; Tilmann and Capel, 2002) .
Large-scale mutagenesis screenings were carried out in a model vertebrate, the zebrafish (Driever et al., 1996; Haffter et al., 1996) . However, one drawback of zebrafish is that its sex is not determined genetically, and the mechanism of sex determination in this fish is poorly understood. In contrast, the sex of Medaka is determined by the XY sex chromosome system (Aida, 1921) , and the mechanism of its determination has been intensively studied (reviewed by Wittbrodt et al., 2002) . The recent identification of DMY (also termed dmrt1bY) as the male-determining gene on the Y chromosome in Medaka (Matsuda et al., 2002; Nanda et al., 2002) made this fish a very useful vertebrate model for investigating the mechanism of gonadal development in conjunction with sex differentiation. To clarify genes involved in gonadal development, and possibly in coupling it with sex differentiation, we performed a large-scale genetic screening of Medaka fish mutations.
Gonads consist of two types of cell, germ cells and somatic mesodermal cells. The Medaka vasa gene (olvas, an acronym of Oryzias latipes vasa) is expressed exclusively in the germ cells (Shinomiya et al., 2000; Tanaka et al., 2001) . Briefly, after the bilateral coalescence of primordial germ cells (PGCs) in the ventrolateral region of the trunk, PGCs migrate to form a clump at a dorsal region of the coelomic epithelium, mesentery, and then develop into two bilateral clusters surrounded by the gonadal mesoderm. In females, germ cells start to increase in number at around the stage of hatching, while the number of germ cells in males remains almost constant for two weeks after hatching. Therefore, the sexual dimorphism of the gonad is apparent by the abundance of germ cells within a few weeks after hatching (Satoh and Egami, 1972; Kanamori et al., 1985; Tanaka et al., 2001) .
Medaka ftz-f1 was used in the analysis of the gonadal mesoderm in mutants. The mammalian homologue, orphan nuclear receptor steroidogenic factor 1 (sf-1/Ad4BP) is expressed in the somatic mesoderm during gonadal development and was shown to be essential for the maintenance of both gonadal somatic precursor cells and steroidogenic cells (reviewed by Parker et al., 2002) . In Medaka as well, ftz-f1 expression initiates early in gonadal development, and the expression in somatic supporting cells is maintained up to later stages (Watanabe et al., 1999 and this paper) . Here we report the identification of mutations affecting gonadal development in Medaka by in situ hybridization for olvas. We also examined ftz-f1 expression in the mutants to characterize somatic cells in a developing gonad.
Results and discussion

Screening for gonadal development mutants on the basis of germ cell distribution
In Medaka embryos, PGCs and germ cells can be identified by in situ hybridization for olvas (Shinomiya et al., 2000; Tanaka et al., 2001) . In an early Medaka embryo, PGCs migrate to the ventrolateral region of the trunk and form bilateral clusters around stage 27, and then further migrate in a gonadal area of dorsal mesentery close to the midline after stage 29 (Shinomiya et al., 2000; Sasado et al., 2004) . Up to this point, there are no sex-associated differences observed.
After stage 28, gonadal organogenesis initiates paralleling ftz-f1 expression in gonadal somatic cells (M. Tanaka, unpublished results), and by stage 40 the bilateral gonads are formed into which olvas-positive germ cells are incorporated. The sexual dimorphism of gonads also becomes evident by this stage. Typical germ cell distribution patterns indicated by olvas hybridization at 8 days posthatching (dph) (stage 40) in wild-type Medaka larvae are shown in Fig. 1 . The female (Fig. 1A,B) and male (Fig. 1C,D) gonadal regions are shown in ventral (Fig. 1A , C) and lateral views (Fig. 1B,D) . olvas-positive germ cells are aligned in the bilateral gonads. At this stage, the number of germ cells has started to increase in the female gonads but not in the male gonads; consequently, female larvae contain a larger number of germ cells than males (Tanaka et al., 2001 ). In addition, in female larvae the right gonad is larger than the left gonad, which is also reflected by the lateral differences in germ cell number.
Focusing our investigation in gonadal development, in conjunction with sexual dimorphism as reflected by the abundance and distribution of germ cells, large-scale mutagenesis screening was carried out at 8 dph by in situ hybridization for olvas.
We describe here 16 mutations affecting gonadal development identified by in situ hybridization for olvas. These mutations are classified into four groups according to the homozygous phenotype, and into genes involved on the basis of complementation analysis: Group 1, increase in the number of germ cells; Group 2, decrease in the number of germ cells; Group 3, irregular germ cell clustering; Group 4, fragmented clusters of germ cells (Table 1) .
Group 1 mutants with increase in number of germ cells
Four mutants with an increase in germ cell number were classified in this group. Complementation analysis indicated the involvement of three loci: seitaka (sei) (2 alleles), kongara (kon) and totoro (tot).
In the homozygous larvae of sei and kon mutants, germ cells were densely packed and more laterally located than in the wild type, resulting in the laterally expanded embryonic gonads (Fig.  2B,C) . Larvae of the kon mutant had additional phenotypes; small eyes, curved short trunk and edema (Fig. 2C,E) .
To examine whether germ cell hyperplasia in these mutants occurs only involving germ cells or also involving interacting somatic cells, we examined ftz-f1 expression in kon mutant embryos at stage 32 when ftz-f1 expression in the medially located gonad had started, employing doublecolor in situ hybridization for ftz-f1 (dark purple) and olvas (red) (Fig. 2D,E) . In wild-type embryos, ftz-f1 (dark purple hybridization signal) was expressed in the gonadal somatic cells, interrenal glands and hypothalamus (Fig. 2D , white arrows), and the olvas signal (red) overlapped only with the ftz-f1 gonad signal (Fig. 2D,D 0 ). In contrast, in kon mutant embryos ftz-f1 expression was missing specifically in the gonads, however, leaving ftz-f1 expression in the interrenal glands and the hypothalamus as well as olvas expression in the germ cells, intact (Fig. 2E,E 0 ). In tot homozygotes, a marked increase in the number of germ cells was observed by 3 dph (Fig. 3A) . The hypertrophic gonads continued to grow after hatching and finally filled the abdominal cavity. Consequently, the viscera were pushed against the anterior region of the abdominal cavity (Fig. 3E) . The intestine became an extended tube lying on the ventral surface of the enlarged gonads.
Normal ovaries of adult female contain follicles at various stages from previtellogenic oocytes to fully grown oocytes (Fig. 3J ). The hypertrophic gonads of a tot mutant were filled with immature oocytes (Fig. 3I ), indicating that oogenesis is arrested before entering the vitellogenic stage, while germ cell proliferation continues. The genetically male of tot mutants, confirmed by the possession of the DMY sequence, also had the same enlarged gonads filled with immature oocytes, indicating that the tot phenotype develops independent of the genetic sex.
A Group 2 mutant with decrease in number of germ cells
In zenzai (zen) mutant larvae (8 dph), the number of germ cells was markedly reduced (Fig. 4A) . Early in stage 29 embryos, immediately before the germ cells had reached the gonadal region, the zen mutant embryos already showed a decrease in the number of germ cells (Fig. 4D) . No ectopic germ cells were detected. This low germ cell number was maintained up to 1 dph (Fig. 4F) . This observation suggests a defect in the maintenance of germ cells in zen mutants.
Group 3 mutants with irregular clustering of germ cells
When PGCs reach the prospective gonadal area and gonadal organogenesis initiates, the germ cells initially form a single cluster on the dorsal side of the posterior intestine (stages 30 -32). Then the cluster divides bilaterally and extends along the body axis, which are completed before hatching. Thus, the bilateral gonads are normally observed at 8 dph (Fig. 1) . All the mutants of ekou (eko), eki (eki), shitoku (sht) and anokuta (ano) had irregularly shaped clusters of germ cells (Fig. 5) .
The larvae of the eko mutant showed variations in the phenotype (Fig. 5A -D) . For example, the clustering of germ cells varied from a close coalescence (Fig. 5A ) to a less tight association (Fig. 5B) . In other cases, germ cells decreased in number (Fig. 5C ) or even disappeared (Fig. 5D ). These phenotypes were in various combinations, and further classification of the mutant phenotypes was difficult. Nevertheless, more than 50% of larvae derived from heterozygous crosses displayed some defect in the clustering of germ cells. Crosses of eko heterozygotes with wild-type fish produced milder phenotypes (analogous to those shown in Fig. 5A -D) in roughly a quarter of the embryos, indicating that the mutation has a semidominant effect. In the eki mutant, the distribution of germ cells also varied (Fig. 5E,F) . The heterozygotes of eko and eki mutations showed additional phenotypes in adult fish, such as gonadal dysgenesis (eko, eki), testicular hypertrophy (eko), or tumorigenesis (eki) in various tissues (data not shown). The larvae of the sht and ano mutants also showed variations in the phenotype, which were similar to those of eko and eki mutants (Fig. 5A -F) . In addition, sht mutant larvae had a short body (Fig. 5G) , while ano mutant larvae had a twisted trunk (Fig. 5H) .
In eki (and also eko, data not shown) mutant embryos at stage 29, as shown in Fig. 5I , ftz-f1 expression level in the gonads and interrenal glands decreased to a variable extent depending on the individual, while that in the hypothalamus remained normal.
Group 4 mutants with fragmented clusters of germ cells
All mutants of five genes, arr, hyo, mzr, hdr and fbk in this group, had fragmented clusters of germ cells (Fig. 6A -F) . Germ cell clusters were fragmented and located even in ectopic sites in fbk mutant embryos at stage 29 (Fig. 6F) . Expression of ftz-f1 and olvas was compared in arr and hyo mutants using a double in situ hybridization technique. In these mutants ftz-f1-positive gonadal somatic cells and olvaspositive germ cells colocalized in the abnormal distribution in the mutants leading to overall decrease of ftz-f1 expression, while ftz-f1 expression in the interrenal glands and hypothalamus was normal (Fig. 6G ,G 0 for hyo mutants; arr mutants showed a similar distribution of both hybridization signals, data not shown). The irregular distribution of germ cells in the gonadal area and decrease of ftz-f1 expression in this group of mutants imply a similarity in the phenotype to Group 3 mutants shown in Fig. 5B ,F. However, these two mutant groups are distinguished particularly in that decrease in ftz-f1 expression level was confined to the gonads in arr and hyo mutants in Group 4, but in Group 3 eko and eki mutants, ftz-f1 expression was affected in both in the gonads and interrenal glands. Moreover, Group 4 mutants showed minimal variations in the phenotype when compared with those in Group 3. Association of germ cell clusters is tighter in Group 3 mutants than in Group 4 mutants where olvas signals tended to be blurred at the periphery of germ cell clusters.
Perspective
After PGCs migrate to the prospective gonadal region and are surrounded by the precursor of the gonadal mesoderm, the germ cells are considered to commit to the process of either male or female gametogenesis The Medaka sex determination gene, dmy, is expressed by stage 35 at the latest (3 days before hatching, Kojima et al., unpublished observation), and sexual dimorphism indicated by the different timing of the onset of germ cell proliferation becomes apparent by the day of hatching. In the female gonads, germ cell proliferation initiates early, but that in male gonad is delayed by 8-10 days. Thus, gonadal development is coupled with sex differentiation.
We present here the identification of mutants defective in the abundance and/or distribution of germ cells after they reach the prospective gonadal region. An analogous mutant screening in Drosophila has been successfully carried out (Moore et al., 1998) , but our present study is the first systematic screening of gonadal development mutants in vertebrates. The gonadal development mutants described here include various phenotypes, namely, germ cell hypertrophy, germ cell loss, and abnormal germ cell distribution. An important observation was that in many of these mutants, an altered abundance or distribution of germ cells is accompanied by an altered ftz-f1 expression. We thus speculate that interaction between the germ cells and somatic cells is highly involved in gonadal development. The employment of more markers of gonadal somatic cells will be informative in identifying the steps of cell interactions involved in gonadal development. The production of chimeric gonads having wild-type and mutant cells of different lineages may determine whether the primary defect causing the mutant phenotype lies in the germ cells or in somatic cell components. Molecular analyses of defects of these mutants will provide important clues to understanding the mechanisms underlying gonadal development and sex differentiation.
Experimental procedures
Fish strains and fish maintenance
Medaka strains, K-Cab and Qurt were used for mutagenesis (Furutani-Seiki et al., 2004) . The original Qurt strain was kindly provided by Drs A. Shima and H. Wada of the University of Tokyo.
Mutagenesis and screening
Mutagenesis was carried out as described by FurutaniSeiki et al. (2004) . Briefly, adult males were treated with Nethyl-N-nitrosourea (ENU) and crossed with wild-type females to generate F1 fish. F2 families were generated by crossing within an F1 family. Six to seven sibling-mated pairs were made for an F2 family, and F3 larvae (8 dph, stage 40) were stained by whole-mount in situ hybridization using an olvas probe to detect phenotypes of induced mutations. Developmental stages were determined according to Iwamatsu (1994) . If the phenotype was confirmed by the screening, allele numbers (alphabetical, e.g. 28-2C) were assigned to the mutations, which were classified according to phenotypes as indicated in the text. Complementation analysis was carried out for each phenotypic group. When complementation did not occur, the pair of the mutations was assigned as two different alleles of the same gene. Complementation involving semidominant alleles was scored on the basis of the frequency and the severity of the phenotype. the gonadal region shown in G and H. In the hyo mutant embryo, the spots with superimposed ftz-f1 (dark purple) and olvas (red) signals are localized in multiple sites (arrowheads in G 0 ) while they are confined in a cluster in wild-type embryo (arrow in H 0 ).
Whole-mount in situ hybridization for Medaka larvae and embryos
Antisense digoxigenin (DIG)-and fluorescein-labeled RNA probes were synthesized from the full-length clones of olvas and ftz-f1 with a DIG and fluorescein labeling kit (Roche). The synthesized RNA probes were hydrolyzed to an average fragment length of 350 bases. Medaka larvae and embryos were fixed overnight at room temperature in 4% paraformaldehyde (PFA) /phosphate-buffered saline (PBS). The chorions of embryos were then removed with a pair of forceps. The fixed larvae were washed twice in PBS containing 0.1% Tween 20 (PBST), dehydrated through a step-wise increase of methanol in water and stored in methanol at 2 20 8C until use.
The reaction steps from rehydration to blocking were performed using InsituPro (ABiMED). Fixed larvae were transferred into a small incubation column and rehydrated in a decreasing methanol series and washed with PBST. The larvae were treated with 10 mg/ml Proteinase K (Roche) in PBS for 30 min at 40 8C, then rinsed in 2 mg/ml glycine in PBST twice and re-fixed in 4% PFA/PBS for 20 min. After washing three times with PBST, they were prehybridized with a hybridization buffer (Hyb þ ; 50% formamide, 5 £ standard sodium citrate containing 0.1% Tween 20 (SSCT), 50 mg/ml heparin, 5 mg/ml torura yeast RNA) for 90 min at 65 8C, and hybridized for 17 h with a DIG-and/or fluorescein-labeled RNA probes in Hyb þ at 65 8C. The larvae were washed at 65 8C for 10 min, successively with 66% Hyb þ /2 £ SSCT, 33% Hyb þ /2 £ SSCT, and 2 £ SSCT, then twice with 0.2 £ SSCT for 30 min.
Following a wash with PBST at room temperature, the larvae were treated for 1 h with a blocking buffer (PBST containing 2% sheep serum and 2 mg/ml BSA). After blocking, larvae were transferred into 48-well microplate and incubated overnight at 4 8C with 1/1000-diluted anti-DIG alkaline phosphatase-conjugated antibodies in the blocking buffer. Following washes with PBST for 15 min three times, the larvae were rinsed with a staining buffer (100 mM Tris -HCl, pH 9.5 containing 100 mM NaCl and 50 mM MgCl 2 ) for 5 min, incubated with BM-purple (Roche) at 4 8C in the dark until hybridization signals developed, and then washed with PBST. Unless multiple color development was required, the specimens were mounted in 85% glycerol.
When second color reaction was aimed, BM purpletreated larvae were incubated in 0.1 M glycine in PBST/HCl (pH 2.2) at room temperature to remove anti-DIG antibodies. Following four washes with PBST, the larvae were blocked for 1 h with the blocking buffer. After blocking, the larvae were incubated overnight at 4 8C with 1/1000-diluted anti-fluorescein antibodies conjugated with alkaline phosphatase in the blocking buffer. Following three washes with PBST for 15 min each, the larvae were rinsed with the staining buffer for 5 min, incubated with INT/BCIP at 4 8C in the dark until development of the color, washed with PBST, and then mounted in 85% glycerol.
Explanation of Japanese terms used for mutant names
Mutations causing an altered number of and clustering of germ cells bear gene names derived from the names of acolytes in Buddhism; seitaka, kongara, zenzai, ekou, eki, shitoku and anokuta. totoro is a cartoon character with an enlarged abdomen. Mutations of Group 4 bear names of various types of snow deposit: arare, snow pellets; hyou, hailstones; mizore, sleet; hadare, patchy snow; and fubuki, blizzard.
